Introduction
============

The global incidence of gastric cancer is the fourth highest, and the mortality of gastric cancer is the second highest of all cancers. Although the incidence and mortality of gastric cancer has dramatically decreased in the US and elsewhere over the past several decades, it remains a major public health problem.[@b1-dddt-12-639] Additionally, gastric cancer places a huge burden on society and individuals.[@b2-dddt-12-639] Recurrent tumors are often experienced, despite precise curative surgical resection, because diagnoses are typically made after the cancer is already at an advanced stage. Therefore, new therapies for advanced or late-stage gastric cancer are needed. National Comprehensive Cancer Network (NCCN) guidelines suggest radiotherapy as an important treatment for gastric cancer, but this therapy shows strong radiation resistance and a high risk of recurrence.[@b3-dddt-12-639] The sensitivity of gastric cancer to radiotherapy is limited; therefore, a drug that increases the sensitivity of radiotherapy to gastric cancer must be identified.

Propranolol is a non-selective beta-adrenergic receptor (β-AR) blocker that is primarily used for the treatment of cardiovascular diseases, such as premature atrial and ventricular beats, sinus and ventricular tachycardia, atrial fibrillation, etc. Propranolol can also be used as secondary prevention to reduce the mortality rate of myocardial infarction, as a first-line drug for hypertension. Although mainly used for cardiovascular conditions, propranolol is also used in other conditions. Propranolol can be used for the management of postmenopausal osteoporosis.[@b4-dddt-12-639] Further, propranolol also plays a role in tumor therapy, showing antitumor activity in neuroblastoma.[@b5-dddt-12-639] In a previous in vitro study, propranolol was demonstrated as a radiotherapy sensitizer for gastric cancer.[@b6-dddt-12-639] However, additional detailed research is needed to test the radiosensitizing effect of propranolol.

A number of studies have shown that COX-2, VEGF, and EGFR are key factors that influence the radiation sensitivity of the tumor[@b7-dddt-12-639]--[@b11-dddt-12-639] and are associated with cellular differentiation, proliferation, and angiogenesis. NF-κB is also sensitive to radiation therapy in many tumors. Many studies have shown that NF-κB-mediated signaling pathways are associated with radiation resistance and adverse clinical outcomes in many cancers.[@b12-dddt-12-639],[@b13-dddt-12-639] In the present study, we examined the role of the β-AR antagonist propranolol as a radiosensitizer in gastric cancer treatment in vivo. This treatment may inhibit NF-κB expression and reduce the effects of EGFR, VEGF, and COX-2, which in turn will suppress the proliferation of gastric cancer cells. The aim of the present study is to determine whether propranolol has a radiosensitizing effect in vivo and increases the effectiveness of radiotherapy in restricting the proliferation of gastric cancer cells, to confirm the potential signaling pathway of this compound. It has not yet been demonstrated that propranolol could be used as a radiosensitizer in vivo.

Materials and methods
=====================

Cell culture
------------

The experimental gastric cancer cell line SGC-7901, established by the Sixth Hospital in Shanghai China, was purchased from the Cell Bank, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China). The cells were cultured in DMEM (high glucose; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% heat-inactivated FBS (Thermo Fisher Scientific) and streptomycin and penicillin (both are 100 U/mL; HPGC, Harbin, China) in an incubator (Thermo Election) at 37°C and 5% CO~2~, with routine passage by centrifugation.

Selection of animal samples
---------------------------

We obtained 64 4-week-old male nude mice weighing 20--25 g, from the Medical Research Center of Xi'an Jiaotong University (Xi'an, China). All of the animals were fed standard water and food in the Animal Laboratory Center of Xi'an Jiaotong University (specific pathogen free). The animals were maintained in cages at a constant temperature and a 12 h light/dark cycle. All experiments were approved by the Laboratory Animal Care Committee of Xi'an Jiaotong University.

Xenograft gastric tumor mouse model and intervention
----------------------------------------------------

All procedures were performed in accordance with the Principles of Laboratory Animal Care (National Institutes of Health, NIH) and guidelines of the laboratory animal care committee of Xi'an Jiaotong University. Rearing 4-week-old nude mice for 1 week. A 100 µL suspension containing 10^7^ SGC-7901 cells was injected into the backs of the nude mice. When the tumor diameter reached 1 cm, the tumor block was cut into 1 mm^3^ using an ophthalmic instrument, and the small tumor block was injected into the back of 64 nude mice. Daily observations of the nude mice, including diet, activity, weight, and tumor growth, were performed. The following equation was used to calculate the tumor volume: volume =1/2 × length × width[@b2-dddt-12-639]. When the tumor volume reached 500 ± 50 mm^3^, 64 nude mice were divided into four groups by a random number table, with 16 nude mice in each group, followed by intervention. Intervention methods: the control group did not receive intervention and maintained feeding. The radiotherapy group received X-ray, 6 Gy, 200 cGy/min, 4 Mev (the source-skin distance was 100 cm) and the intervention was performed twice a week (X-ray Generator Precise Linear Accelerator, Elekta, UK). The propranolol combination radiotherapy group received an intraperitoneal injection 1 h prior to each radiotherapy session with 2 mg/kg propranolol (Sigma-Aldrich Co., St Louis, MO, USA), and the radiotherapy method was the same as that used for the radiotherapy group. The isoproterenol combination radiotherapy group received an intraperitoneal injection 5 min prior to each radiotherapy session with 0.1 mg/kg isoproterenol (Sigma-Aldrich Co.), and the radiotherapy method was the same as that used for the radiotherapy group. The drug concentration was selected according to previous studies.[@b14-dddt-12-639]--[@b16-dddt-12-639] The nude mice were placed in a special, flexible operation box during radiotherapy. After 2 weeks the mice were sacrificed and the tumors were removed.

Histopathological analysis
--------------------------

The tumor tissue was fixed in 4% paraformaldehyde and then embedded in paraffin. The sections were cut, deparaffinized in xylene, dehydrated in graded alcohol, and finally hydrated in water. For antigen retrieval, the specimens were immersed in a new configuration of citrate buffer (pH = 6.0) and placed in a microwave oven (92°C) for 5 min × 2. Subsequently, 10% non-immunized rabbit serum was added, and the specimens were incubated for 45 min at room temperature to block the non-specific antigen. The primary antibody was added, at a dilution ratio of 1:100 for EGFR, VGEF, NF-κB, and COX-2 (Santa Cruz Biotechnology Inc., Dallas, TX, USA). The secondary antibody, labeled with biotin, was incubated in a box for 30 min at room temperature. Streptomyces antibiotin-peroxidase complex was added, followed by incubation at room temperature for 30 min. The color was developed in DAB-H~2~O~2~ liquid. Images were taken using a microscope (Olympus Corporation, Tokyo, Japan).

Western blot assay
------------------

The nitrocellulose membrane, BCA assay kit, and the chemiluminescence kit were obtained from EMD Millipore (Billerica, MA, USA) and Thermo Fisher Scientific. The procedures were performed in strict accordance with the standard protocols. The Bradford method was used to ensure that the amount of protein per sample was 20 mg. The proteins were subjected to 10% SDS-PAGE on a Bio-Rad Mini PROTEAN 3 System (Bio-Rad Laboratories Inc., Hercules, CA, USA) and subsequently electrotransferred onto nitrocellulose membranes (400 mA for 2 h; EMD Millipore). Wet transfer was used for EGFR protein, while semi-dry transfer was used for VEGF, COX-2, and NF-κB. TBS containing 10% milk powder and 10% Tween-20 was used to block the nitrocellulose membranes at 37°C for 4 h. Then, the nitrocellulose membranes were incubated in primary antibodies overnight at 4°C. The column dilution ratio for all primary antibodies, including VEGF, COX-2, and NF-κB, but not β-actin (1:500; Santa Cruz Biotechnology Inc.), was 1:200. According to the appropriate primary antibody, we selected different rabbit or mouse IgG antibodies as the secondary antibodies. We selected an enhanced chemiluminescence (Thermo Fisher Scientific) detection system to detect light strips and then transferred the images to X-ray film (Del DOC2000; Bio-Rad Laboratories Inc.).

Statistical analysis
--------------------

Normally distributed data were evaluated with ANOVA. Origin V 7.5 and SPSS V 13.0 were used for the analysis of the experimental data and the experimental chart. *p*-values \<0.05 were considered statistically significant.

Results
=======

Changes in gastric tumor size after radiation therapy with propranolol treatment
--------------------------------------------------------------------------------

To determine whether propranolol can sensitize gastric cancer to radiation, we examined the effect of radiation alone, isoproterenol with radiation, and a combination of propranolol with radiation on the growth of subcutaneous xenograft tumors. Based on tumor volume measurements on the 14th day after tumor cell implantation, we randomized animals into four groups, as described in "Materials and methods" section. The mice were treated with propranolol (2 mg/kg) or isoproterenol (0.1 mg/kg) prior to radiation once a week for 2 weeks. The tumor volume was determined and compared in all four groups. The tumor volumes of the control, isoproterenol with radiation, and radiation alone groups were larger than that of the propranolol with radiation treated group. Representative images of the tumor volume at this time are illustrated in [Figure 1](#f1-dddt-12-639){ref-type="fig"}. The tumors treated with radiation and propranolol had significantly smaller average volumes when compared with tumors treated with radiation alone, isoproterenol with radiation, and the control groups. Therefore, tumors treated with propranolol with radiation displayed significant improvements in the biological effect of radiation. Reductions in tumor size were measured every 2 days in all four groups after different treatments ([Figure 2](#f2-dddt-12-639){ref-type="fig"}).

The effects of propranolol on radiation-induced genetic expression in gastric cancer xenografts
-----------------------------------------------------------------------------------------------

[Figures 3](#f3-dddt-12-639){ref-type="fig"} and [4](#f4-dddt-12-639){ref-type="fig"} illustrate EGFR, VEGF, COX-2, and NF-κB immunohistochemical staining and Western blot analysis of the tumor xenografts, which were either treated with radiation alone or radiation in combination with either isoproterenol or propranolol, or left untreated (control). Immunohistochemical analysis and protein changes indicated that treatment with radiotherapy, in all tumors, reduced the expression of NF-κB, followed by a decrease in COX-2, VEGF, and EGFR expression, compared with that in the control group ([Figures 3](#f3-dddt-12-639){ref-type="fig"} and [4](#f4-dddt-12-639){ref-type="fig"}). The order of the genetic expression of these groups, from lowest to highest, was radiotherapy with propranolol, radiotherapy only, radiotherapy with isoproterenol, and control. Compared with the radiation only treatment group, the expression of COX-2, VEGF, EGFR, and NF-κB were significantly reduced after pretreatment with propranolol prior to radiation. In contrast, the experimental results of pretreatment with isoproterenol were significantly different from those of the previously mentioned results, showing a reversal of the reduction of gene expression caused by radiation.

Discussion
==========

The global incidence of gastric cancer is the fourth highest, and the mortality of gastric cancer is the second highest among all cancers. Radiotherapy is used as a combined treatment for gastric cancer patients. In previous cytological experiments, the β-AR has been associated with radiotherapy sensitivity of gastric cancer.[@b6-dddt-12-639] Inhibiting the β-AR increases the radiotherapy sensitivity, whereas activating this receptor reduces the radiotherapy sensitivity of gastric cancer cells. In the last 10 years, researchers have continued to study the relationship between the β-AR and gastric cancer. Some clinical studies have demonstrated that adrenergic receptor blockers can improve the prognosis of patients with gastric cancer,[@b17-dddt-12-639] and protect the normal population from the occurrence of gastric cancer.[@b18-dddt-12-639] The activation of the adrenergic receptor is also responsible for the proliferation and drug resistance of gastric cancer cells. Lu et al showed that isoproterenol activates the adrenergic receptor and subsequently causes epithelial--mesenchymal transition changes to promote gastric cancer.[@b19-dddt-12-639] Other studies have found that isoproterenol can promote the secretion of VEGF via the adrenergic receptor pathway to increase cell migration and tumor growth.[@b20-dddt-12-639] Furthermore, the chemotherapy resistance of her-2 positive gastric cancer patients is caused bythe activation of β2-AR.[@b21-dddt-12-639] These studies have shown that the β-AR plays a role in the biology of gastric cancer and chemotherapy. Radiotherapy is an important part of gastric cancer treatment. However, previous studies have not explored the relationship between the β-AR and gastric cancer radiotherapy, and there is no related research on tumors other than gastric cancer. To further explain and confirm the relationship between β-AR and gastric cancer radiotherapy, we conducted animal experiments on the basis of previous cytological studies. In the present study, we assessed whether propranolol, a β-blocker antagonist, could inhibit the expression of NF-κB and down-regulate downstream genes to regulate the cell cycle and cell apoptosis in vivo.

The present results indicated that tumors grew significantly less in mice treated with propranolol and radiation compared to the mice in the other three treatment groups. Therefore, the combination of propranolol and radiotherapy had a more significant anti-proliferation effect than radiotherapy alone in SGC-7901 gastric cancer cells. We also determined that there was at least an additive effect of propranolol in combination with radiotherapy. Although individual radiotherapy inhibited tumor growth, the effect of propranolol significantly enhanced this effect. In contrast, isoproterenol had the opposite effect of propranolol, inducing an anti-radiotherapy effect and improving the survival rate of the cells after radiotherapy. These results show that propranolol can affect the sensitivity of gastric cancer to radiotherapy through β-AR and may represent an effective drug sensitizer for gastric cancer. Therefore, propranolol combined with radiotherapy may be an effective treatment for patients with advanced or recurring gastric cancer.

Some studies have shown that the role of NF-κB in radiation, including its activation in radiation and cell protection, demonstrates its resistance to radiation. NF-κB can be induced in cancer cells by radiation therapy, which decreases the radiosensitivity of cells.[@b22-dddt-12-639]--[@b24-dddt-12-639] Cellular stress activates NF-κB and then regulates the expression of genes involved in cell proliferation and apoptosis, and NF-κB continues entering the nucleus to regulate the transcription process.[@b25-dddt-12-639]--[@b26-dddt-12-639] The present study showed that treating SGC-7901 cells with propranolol as a radiosensitizer down-regulated the level of NF-κB, suggesting an increase in cell radiosensitivity by propranolol-induced NF-κB inhibition. NF-κB and its downstream genes EGFR, COX-2, and VEGF are closely related to regulating angiogenesis and apoptosis.[@b27-dddt-12-639] The COX-2 inhibitor enhances tumor responses to radiation through an enzyme that converts arachidonic acid to prostaglandin. COX-2 genes are widely present in different tumor cells and are involved in the development and metastasization of tumors.[@b28-dddt-12-639],[@b29-dddt-12-639] Thus, the COX-2 antagonist acts as a radiosensitizer in cancer.[@b7-dddt-12-639]

The combination of EGFR with EGF or TGF-α activates intracellular tyrosine kinase for the regulation of the cell cycle. High-level EGFR expression was associated with radiotherapy resistance and poor prognosis. This phenomenon has been reported in some tumors, particularly head and neck squamous carcinoma.[@b9-dddt-12-639] Additionally, the combination of EGFR and ligands triggers a signaling process. This process is closely related to tumor proliferation, cell migration, angiogenesis, and apoptosis, and is directly involved in tumor development. Therefore, inhibiting HER1/EGFR activity could effectively block downstream signaling events and, consequently, tumorigenesis.[@b30-dddt-12-639] An EGFR antagonist has been administered as a radiosensitizer in many carcinomas, such as cutaneous or head and neck squamous carcinomas.[@b31-dddt-12-639],[@b32-dddt-12-639]

The important function of VEGF was to participate in angiogenesis and regulate endothelial permeability. A recent study showed that inhibiting tumor angiogenesis increases the effectiveness of coadministered radiotherapy.[@b33-dddt-12-639],[@b34-dddt-12-639] According to the function of VEGF, this treatment could inhibit the formation of blood vessels in the tumor, thus causing hypoxia, which might enhance the radiosensitivity of tumor cells and drug penetration.[@b35-dddt-12-639] NF-κB is the upstream target for the regulation of VEGF, COX-2, and EGFR expression levels.[@b36-dddt-12-639]--[@b38-dddt-12-639] Changes in VEGF, COX-2, and EGFR signaling molecules were associated with propranolol radiotherapy sensitization. These results showed that propranolol could be used as a radiotherapy-sensitizing agent for gastric cancer, and its effect was achieved by influencing NF-κB and regulating VEGF, COX-2, and EGFR. The present study demonstrated that propranolol, a β-blocker, could increase the radiotherapy sensitivity of gastric cancer.

According to these results, we concluded that propranolol has a radiotherapy sensitization effect on the radiation resistance of tumors and can reduce radiation side effects on surrounding tissues. Furthermore, this effect is more pronounced in gastric cancer cells. Propranolol, a β-blocker, plays a definite role in the radiation treatment of gastric cancer. The results showed that blocking the β-AR pathway can improve the radiation sensitivity of gastric cancer cells, and the molecular pathways may be through influencing NF-κB and regulating VEGF, COX-2, and EGFR. Moreover, β-AR agonists have the opposite effect on gastric cancer cells. These results suggest that by blocking the β-adrenoceptor receptor-signaling pathway, the effect of radiotherapy on gastric cancer can be improved.

Conclusion
==========

In conclusion, the results show that the β-receptor antagonist propranolol has a definite radiotherapy sensitization effect on gastric cancer. In addition, this effect is caused by the regulation of NF-κB and its downstream genes VEGF, COX-2, and EGFR.
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![Changes in tumor size in different groups.\
**Note:** Necropsy photographs of mice bearing tumor-induced gastric tumors on the 14th day.](dddt-12-639Fig1){#f1-dddt-12-639}

![Statistical curves of gastric tumor size after radiation therapy with or without propranolol treatment.\
**Notes:** Effect of propranolol with radiation on gastric cancer in vivo. Mice were treated with propranolol or isoproterenol before radiation once a week for 2 weeks. ♦ Control, ▲ isoproterenol with radiation, ■ radiation alone, and ● propranolol with radiation group. Values shown are the mean ± SD for independent experiments.](dddt-12-639Fig2){#f2-dddt-12-639}

![Propranolol with radiation-induced genetic expression in gastric cancer xenografts.\
**Notes:** Propranolol down-regulated the expression of NF-κB-regulated gene products in gastric tumor samples. Immunohistochemical analyses of COX-2, EGFR, NF-κB, and VEGF expression levels showed the inhibition of COX-2, EGFR, NF-κB, and VEGF by propranolol in combination with radiation. Positive staining is seen for the indicated biomarkers. Samples from mice from each group were analyzed.](dddt-12-639Fig3){#f3-dddt-12-639}

![Effects of isoproterenol, propranolol, and/or radiotherapy on COX-2, VEGF, EGFR, and NF-κB (p65) proteins.\
**Notes:** SGC-7901 cells were treated with/without isoproterenol or propranolol before radiotherapy. The protein levels of COX-2, VEGF, EGFR, and NF-κB were analyzed by Western blot.](dddt-12-639Fig4){#f4-dddt-12-639}
